Introduction {#Sec1}
============

Broadcast spawning is considered the most ancient and widespread mode of reproduction in marine invertebrates^[@CR1],[@CR2]^. The main disadvantage of this reproductive mode is the rapid dispersal of gametes in the environment, which can reduce fertilization rates and subsequent larval production^[@CR3],[@CR4]^. To counteract this, organisms have adopted different behavioural strategies including breeding aggregation and synchronization of reproductive activities^[@CR5]--[@CR7]^.

While environmental factors such as temperature, photoperiod, lunar periodicity and tidal cycles seem to promote invertebrate aggregative behaviour and spawning possibly by stimulating reproductive processes^[@CR8]^, chemical communication plays a determinant role in the fine tuning of these processes in several marine broadcasters such as polychaetes, crustaceans, molluscs and echinoderms^[@CR9]--[@CR14]^.

Although aggregations are regularly found in echinoderms, what brings individuals to group together is still poorly understood. Aggregative behaviours are understood to facilitate gametogenesis and spawning through inter-individual chemical exchange and by increasing the probability of gamete encounter^[@CR15]--[@CR19]^. Indeed, field observations show that grouped animals, irrespective of the sex ratio, are riper than solitary individuals^[@CR20]^.

Among echinoderms, the existence of pheromones synchronizing gamete release among individuals was first suggested by Beach, *et al*. in the starfish *Acanthaster planci* ^[@CR21]^. However, evidence is largely circumstantial and little is known about the chemical nature, origin and mechanisms of action of the putative pheromones^[@CR22]^. Echinoderm males generally start to spawn before females, suggesting that spermatozoa and/or chemicals released with the sperm stimulate the females^[@CR23]--[@CR27]^. Sperm suspensions have been experimentally tested on the spawning behaviour in starfish^[@CR28],[@CR29]^ and sea urchins^[@CR30],[@CR31]^. However, the reciprocal effects of male and female gametes have rarely been experimented, and the origin and identity of the chemicals involved have never been established in any echinoderms.

Kato, *et al*.^[@CR32]^ induced spawning of mature sea cucumbers by injection of a gonadatropic neural peptide (NGIWYamide), extracted from buccal ring nerves, into the coelomic cavity. This technique, originally developed in starfish^[@CR33]^, proved ineffective when the radial nerve extract was simply added to the water, rejecting a pheromonal role^[@CR34]^. In contrast, intra-coelomic injections of perivisceral coelomic fluid (PCF) from spawning individuals successfully induced spawning directly and when added to the water, indicating that the coelomic fluid may contain a pheromone^[@CR35]^.

The commercial demand for sea cucumbers has led to over-exploitation and severe depletion or disappearance in many regions worldwide and aquaculture programs are being developed to sustain and to enhance wild populations^[@CR36]^. The sea cucumber *Holothuria arguinensis* is a recent fisheries target and the first sea cucumber species to be reared in captivity in Europe^[@CR37]--[@CR39]^. A better understanding of the chemical factors influencing the reproductive biology of this broadcast summer-autumn spawner could give valuable insights to improve the management of species reared in captivity. Thermal shock remains the most common used method to stimulate spawning in their aquaculture^[@CR40]--[@CR42]^. However, this method gives inconsistent and variable results according to the protocol and species used^[@CR43],[@CR44]^; therefore, the identification of spawning pheromones may provide a promising alternative. Knowledge of the pheromonal chemicals could also help to control invasive species, which represent a major threat to biodiversity and cause significant damage to worldwide economy^[@CR45]^. A typical case is found in the Mediterranean Sea where many Indo-Pacific species, including sea cucumbers, have invaded the area through the Suez Canal^[@CR46],[@CR47]^.

Here, the hypothesis that the sea cucumber *H*. *arguinensis* uses chemical communication for aggregation and spawning was tested. We show that *H*. *arguinensis* males and females are attracted by male conditioned water but not by female conditioned water, gonad homogenates or coelomic fluid. Furthermore, male spawning water (but not female spawning water or sperm), induces spawning in males and females. The *H*. *arguinensis* spawning water also induces spawning in the related *H*. *mammata*. Finally, we attempt to identify the pheromone and results indicate they are a mixture containing at least a labile compound and possibly phosphatidylcholines. Altogether, our results provide a novel perspective into sea cucumber aggregative and spawning behaviour with practical applications in ecology and aquaculture.

Material and Methods {#Sec2}
====================

Ethics statement {#Sec3}
----------------

Sea cucumbers, *Holothuria arguinensis*, Koehler & Vaney, 1906, and *Holothuria mammata*, Grube, 1840, were collected and handled in agreement with the license issued by ICNF, The Institute for Nature and Forest Conservancy of Portugal (License N°635/2015/CAPT, N°95/2016/CAPT, N°490/2016/CAPT). The species are not endangered or protected, and those used in experiments were released back into their natural environment.

Collection, gonadal biopsy and maintenance of specimens {#Sec4}
-------------------------------------------------------

*H*. *arguinensis* longer than 210 mm, i.e. adults according to previous analysis of the sexual maturity in this species^[@CR39]^, were collected from southern Portugal: during late spring 2015 from the Ria Formosa (37°00′35.02″N; 7°59′46.10″O) for the aggregation behaviour assay and during summers of 2015 and 2016 from Sagres (37°00′44.78″N; 8°55′49.51″O) for the spawning experiment. Adult *H*. *mammata* (200--250 mm), a sister species to *H*. *arguinensis* ^[@CR48]^, were collected from the Ria Formosa. The sex and the maturity stage of the sea cucumbers were determined according to Marquet *et al*.^[@CR39]^ by observation under a light microscope (Leica DM2000) of a gonadal biopsy taken from a small incision on the dorsal side of the animal previously anesthetized in 5% MgCl~2~ ^[@CR9]^. All experiments were performed at least one week after the biopsy to allow recovery (all animals recovered without any obvious signs of infection or permanent damage). Females and males were kept in separate tanks (1.2 × 1.0 × 0.6 m) in natural sea water and fed four times a week with sediment collected from their natural environment.

Y-maze tests of attraction {#Sec5}
--------------------------

To test the capacity of water-borne stimuli to attract conspecifics, a glass Y-maze (30 cm height, 3 mm thick) was used with a stem of 55 cm long and 25 cm wide separating into two arms of 40 cm long and 12.5 cm wide at the end of which stimuli were added (Fig. [1a](#Fig1){ref-type="fig"}). Water inflow was 700 ml/min in each arm and drained out of the maze through two holes (2 cm diameter) connected to a standpipe which maintained the water height (10 cm). Tests of the maze plume dynamics using food colouring (Brilliant Blue FCF, E133) delivered to both arms revealed by visual inspection small-scale turbulence within the arms, but little mixing between water of the two arms in the stem section. Data collected was based on first entry and time spent in either of the two arms where there was no mixing. The Y-maze was surmounted at 2 m height by an infrared video camera equipped with infrared filter (ICD-49E, Ikegami Tsushinki, Japan) and at 1.2 m height by two automated infrared light sources (IR-56, Microlight, Russia) oriented diagonally with respect to the bottom of the Y-maze (Fig. [1b](#Fig1){ref-type="fig"}). The videos were stored in AVI files in a hard drive and displayed with Everfocus Player Application (EFPlayer v 1.0.6.4.).Figure 1Schematic representation of the experimental setup used in the attraction experiment. (**a**) Overhead view showing the entry area A, the stimulus and control sides B or C. (**b**) Side view showing the position of the camera IR-C and light source IR-L. SC indicates the initial positioning of the test sea cucumber.

Experiments were carried out over four hours at night, when this species is more active. All animals used in this experiment were at stage III to IV - mature oocytes or spermatozoa filled the gonadal tubules almost completely^[@CR39]^. Test animals were placed at the entry area A of the Y-maze (Fig. [1a](#Fig1){ref-type="fig"}) and given a choice of control seawater and seawater containing the stimulus delivered to each arm (B and C) at a rate of 700 ml/min. The stimulus side was alternated between successive tests to eliminate arm preference. The stimuli tested were: (1) conspecific-conditioned water (CCW), (2) gonad homogenates (ovary and testis), and (3) coelomic fluid (CF). To produce conspecific-conditioned water, two individuals of known sex were placed in an aquarium (30 × 20 × 20 cm) from which water flowed by gravity to one of the Y-maze arms. Separate pools of five testes and five ovaries (total of 120 g each) were homogenised from fresh gonad with a mortar and a pestle and filtered (100 µm pore size) to remove large particles. Coelomic fluid (10 ml) was collected from separate pools of five males and five females using a sterile needle inserted in the body wall of the animals and withdrawn by gravity. Gonad homogenates and coelomic fluid pools were frozen at −20 °C after collection. The day of the experiment they were thawed and diluted in 1200 ml of seawater and injected in the maze with a peristaltic pump at a rate of 10 ml/min during the first two hours of the experiments, with the seawater inflow of 700 ml/min.

At least 10 males and 10 females were tested for each combination (receiver vs donor: male vs. male, male vs. female, female vs. female, female vs. male) and stimulus. Each animal was taken from a pool of 20 males and 20 females kept in separate tanks (1.2 × 1.0 × 0.6 m) and used only once for each stimulus. Between trials, the Y-maze was rinsed and cleaned of debris, and clean seawater was allowed to flow through the entire maze for 15 min to remove any residual stimulus. Fourteen out of 160 individuals tested were excluded from the analysis because they remained immobile for four hours (the time limit of immobility set).

The behaviours registered in each test were (1) first choice of arm and (2) percentage of time spent in each arm (in each case when the full body entered one of the two arms). The effect of each stimulus on the first choice of arm (stimulus or control) was evaluated by a two-tailed binomial test to determine if the observed frequency was different from a random choice (50/50). The nonparametric Wilcoxon signed-ranks test was used to compare the percentage of time spent in each arm (stimulus or control).

Spawning water tests {#Sec6}
--------------------

Two sets of experiments were designed to test the effect of spawning water on spawning. The first tested if male or female spawning water could induce spawning in conspecifics and the second tested for heterospecific responses in the closely related sympatric species *H*. *mammata*. All aquaria were filled with seawater coming from the same source and with the same physicochemical properties (22--25 °C, 35 ppt salinity). All experiments were performed at night before or at full or new moon, as sea cucumber spawning has been seen to occur most frequently at these periods^[@CR22]^, and only reproductively mature sea cucumbers previously selected through a gonadal biopsy were used.

For each trial, sea cucumbers used to obtain the spawning water (the donors) were placed in a 40 × 40 × 40 cm aquarium and induced to spawn by thermal shock (TS). For the TS the donors were transferred for 10 minutes to an aquarium with 5 to 6 °C cooler water before being returned to their original aquarium. Spawning occurred within one hour for males and two hours for females. The test sea cucumbers were placed individually in a series of smaller experimental aquaria (26 × 16 × 16 cm) in the morning or the day before the experiment in order to ensure spawning was not induced by the transfer from the larger to the smaller aquarium (in which case they were not used in the experiment). The tests consisted of addition of 250 ml of female or male fresh spawning water, with or without spermatozoa, or spermatozoa in seawater, always to the same corner of the small aquarium containing either a male or a female. To test for interspecific spawning activity, 250 ml of male spawning from *H*. *arguinensis* was added to a small aquarium containing an isolated male or female *H*. *mammata*. Control aquaria received 250 ml of seawater added the same way as the test seawater. Spermatozoa were filtered from spawning water (0.7 µm pore size; Whatman, GF/F).

The results were scored (spawning or not spawning) after one or two hours for males and females, respectively. Statistical significance of percent spawning of stimuli versus the seawater control was evaluated by a Fisher's exact test (two-tailed). Difference of time in spawning response was compared between males and females using the Mann-Whitney test.

Tests of male water fractions {#Sec7}
-----------------------------

In order to characterize the active substance(s) in spawning water, tests were designed to determine whether the biological activity 1) was extractable by HLB+ universal cartridges (reverse-phase sorbent, Waters corporation, Millipore, Milford, Mass., USA), and 2) was stable. HLB+ cartridge extracts (fraction retained in cartridge and eluted in 5 ml of methanol) and filtrates (the flow-through fraction) of 1 l fresh male spawning water from which sperm and particles had been filtered, as indicated above, were obtained following the generic protocol in the manufacturer's manual. For the spawning tests, the same experimental setup as above was used with the following stimuli: HLB cartridge extract (E), HLB cartridge filtrate (F), E and F together (E + F), fresh spawning water (FSW), spawning water aged 2 hours (2 h FSW) and spawning water aged 4 hours (4 h FSW). The solution containing extract was prepared by adding 1.25 ml of methanol extract to 250 ml of sea water (E) or 1.25 ml of methanol extract to the 250 ml filtrate (E + F). Each extract (E) and filtrate (F) was used in four tests. Two control aquaria were used, with sea water only and methanol (1.25 ml diluted in 250 ml sea water). If sea cucumbers spawned within the expected period, the test was stopped. If they did not respond, the complementary stimulus was added (E or F) or FSW. Finally, if they did not respond to FSW, a TS was provided. FSW and TS were used as positive controls to determine if unsuccessful spawning was due to the sea cucumber not being ready to spawn. Those that did not respond to any stimuli were not considered in the analysis.

Statistical significance of percent spawning of stimuli versus the seawater only control was evaluated by a Fisher's exact test (two-tailed).

Preliminary chemical characterization spawning water {#Sec8}
----------------------------------------------------

HLB + extracts of filtered seawater taken from the same aquarium before and after spawning (males: n = 5; females: n = 2) were used for subsequent analyses by mass spectrometry. The mass spectrometer was a Bruker Esquire HCT *ultra* ion trap, equipped with an electrospray ionization source (ESI) (Agilent), operating in the negative and positive polarities. For ESI-MS^n^ studies (direct injection) the typical spray and ion optics conditions were the following: capillary voltage, 4.0 kV; nebulizer gas pressure, 30 psi; drying gas, 300 °C; drying gas flow, 6 l/min; capillary exit voltage, 208 V; skimmer voltage, 15 V. The solutions were infused into the ESI source using a syringe pump (model 781100, KDScientific, USA), at a rate of 4 μl/min. Infusion was performed using samples extracted with methanol, after washing the HLB+ cartridges with ultra-pure water. This washing step removes excess salts, which quench the formation of ions under ESI. Direct injection allowed us to obtain fragmentation spectra of order higher than 2 (MS^n^, n \> 2).

The samples were also analysed by liquid chromatography (LC, Agilent Technologies 1200 Series) coupled to the above described mass spectrometer (LC-MS), under Auto-MS mode in both, positive and negative polarity. Under LC-MS operation the spray and ion optics conditions were the following: capillary voltage, 3.5 kV; drying gas (nitrogen), 330 °C at 7 l/min; nebulizer gas pressure, 35 psi; capillary exit voltage, 104 V; skimmer voltage, 32 V.

A Hamilton PRP-1 reversed phase LC column (15.0 cm length, 2.1 mm internal diameter, 5 µm average particle diameter), stabilized at 25 °C was used for chromatographic separation. The eluent system was ultra-pure water (A) and acetonitrile (B), both with 0.1% formic acid, and ethyl acetate (C). The gradient started with 52% A, 38% B and 10% C. After 5 minutes an increase of B and C up to 73% and 25%, respectively, took place over 8 minutes. The eluent was then allowed to recover to the initial conditions (52% of A, 38% of B and 10% of C) in 1 minute and then stabilize for additional 5 min before the next run. The flow was 0.35 ml/min. Full-scan mass spectra were generated in the range of 100.00--1500.00 *m/z*, both under negative and positive ESI. The data were analysed using the software Data Analysis software v 3.4 (Bruker Daltonics esquire 6.1).

Under LC-MS, a separation by LC took place before ESI-MS analysis. As salts came out from the column in the first 1-2 minutes, the flow was sent to waste. LC separation also allowed for the observation of less complex full scan spectra and for detection of compounds less prone to ionize and therefore not visible under direct injection. The AutoMS mode allowed for fragmentation (MS2) of compounds detected after LC separation. This process was done for both polarities in a single run.

Compound assignment was based on the *m/z* values, isotope distributions and fragmentation patterns. The presence of compounds possessing a phosphatidylcholine moiety was confirmed by injection of a phospholipid authentic sample, specifically compound 1,2-stearoyl phosphatidylcholine present in the standard Sigma P5394.

Data availability {#Sec9}
-----------------

The datasets generated during and/or analysed during the current study are available from the corresponding author on request.

Ethical approval {#Sec10}
----------------

All applicable international, national and institutional guidelines for the care and use of animals were followed.

Results {#Sec11}
=======

Y-maze tests of attraction {#Sec12}
--------------------------

For each stimulus, at least 85% of the sea cucumbers chose to move from the entry area to one of the arms. After spending some time in one of the arms, about half of the sea cucumbers went back to the entry area and re-entered the same or the other arm of the Y-maze, and eventually repeated this behaviour.

Males more often chose first the male-conditioned water arm than the control (Fig. [2a](#Fig2){ref-type="fig"}, two-tailed binomial test, p \< 0.01), whereas for females there was no apparent preference (p = 0.10). Males and females showed no preference in their first decision when confronted with female-conditioned water (Fig. [2b](#Fig2){ref-type="fig"}, males: p = 0.80; females: p = 0.81). However, both males and females stayed significantly longer in the arm with the male-conditioned water (Fig. [2c](#Fig2){ref-type="fig"}, Wilcoxon signed-ranks tests, males: p \< 0.01, Z = 3.21; females: p \< 0.05, Z = 2.50). In contrast, males and females spent the same percentage of time in water conditioned by females and control water (Fig. [2d](#Fig2){ref-type="fig"}, males: p = 0.10, Z = 1.63; females: p = 0.90, Z = 0.13).Figure 2Percentage of first choice (**a**,**b**) and relative time (**c**,**d**) spent in the conditioned-conspecific water (stimulus) and in the control arm (sea water). M corresponds to male receiver and F to female receiver. Error bars are one standard deviation. \*p \< 0.05, \*\*p \< 0.01.

CF from males or females did not induce first choice preference for any arm in males (Fig. [3a](#Fig3){ref-type="fig"}, two-tailed binomial tests, males-CF: p = 1.00; Fig. [3b](#Fig3){ref-type="fig"}, females-CF: p = 0.75) or females (Fig. [3a](#Fig3){ref-type="fig"}, males-CF: p = 0.75; Fig. [3b](#Fig3){ref-type="fig"}, females-CF: p = 0.34). Similarly, males and females spent similar time in the two arms when the stimulus was CF from male (Fig. [3c](#Fig3){ref-type="fig"}, Wilcoxon signed-ranks tests, males: p = 0.96, Z = 0.06; females: p = 0.15, Z = 1.43) or female (Fig. [3d](#Fig3){ref-type="fig"}, males: p = 0.39, Z = 0.87; females: p = 0.20, Z = 1.27).Figure 3Percentage of first choice (**a**,**b**) and relative time (**c**,**d**) spent in the coelomic fluid (stimulus) and in the control arm (sea water). M corresponds to male receiver and F to female receiver. Error bars are one standard deviation.

As with the CF, ovary (O) and testis (T) homogenates failed to induce a preference for one arm either as first choice (Fig. [4a](#Fig4){ref-type="fig"}, two-tailed binomial tests, T vs. males: p = 0.75; T vs. females: p = 0.73; Fig. [4b](#Fig4){ref-type="fig"}, O vs. females: p = 1.00; O vs. males: p = 0.75) or in the time spent in one arm (Fig. [4c](#Fig4){ref-type="fig"}, Wilcoxon signed-ranks tests, T vs. males: p = 0.28, Z = 1.07; T vs. females: p = 0.14, Z = 1.48; Fig. [4d](#Fig4){ref-type="fig"}, O vs. females: p = 0.14, Z = 1.48; O vs. males: p = 0.21, Z = 1.26).Figure 4Percentage of first choice (**a**,**b**) and relative time (**c**,**d**) spent in the gonad (ovary and testis) homogenate (stimulus) and in the control arm (sea water). M corresponds to male receiver and F to female receiver. Error bars are one standard deviation.

Spawning behaviour {#Sec13}
------------------

Thermally or chemically stimulated male and female *H*. *arguinensis* adopted a pre-spawning behaviour in which their anterior body region swayed from one side to the other, with tentacles extended outside of the oral cavity (Supplementary material 1a), while the posterior body region rested against the bottom or the side of the glass aquarium (Supplementary material 1b,c). Both males and females released gametes from a gonopore (Supplementary material 1d), located at the dorsal side of the anterior part at the opposite side of the oral cavity and was clearly visible only during spawning.

Males started to release gametes between 40 minutes and one hour after stimulation (mean: 49.70 ± 8.17 min, N = 10) and continued to slowly release a continuous flow of sperm for at least one hour (Supplementary material 2b), with some individuals still spawning after three hours. The latency of response of females was longer than that of males (Mann-Whitney *U* test, U = 16.50, N = 10, p \< 0.01), varying between 50 and 100 minutes (mean: 70.30 ± 18.41 min, N = 10). However, in contrast to the continuous slow release of males, females released their gametes quickly and briefly in three to five pulsatile jets (Supplementary material 2a). Similarly, when males and females received the stimulus at the same time, males also spawned longer than females and generally continued to spawn at least until females stopped releasing gametes.

Spawning water tests {#Sec14}
--------------------

All males and 11 of the 12 females tested spawned when male spawning water was added to their aquaria (Fisher's exact tests, males or females, p \< 0.0001), unlike with female spawning water which had no significant effect on spawning of either males or females (Table [1](#Tab1){ref-type="table"}). If sperm was removed from the spawning water, more than three quarters of males and females still released their gametes (males or females, p \< 0.001), but sperm itself had no significant effect on spawning of either sex (p \> 0.05 for both). None of the males and only 1 of 16 females spawned in the control.Table 1Results of the spawning experiment. Number of males and females responding to the different tested stimulus. Fisher's exact tests (two-tailed) were performed by comparing the percentage of individuals that responded to the different tested stimuli with the percentage of individuals responding in the control test. n.a.: not applicable (i.e. zero against zero).TestSpawning frequency*H*. *arguinensis*MaleFemaleYesNopYesNopFemale spawning water011n.a.380.27Male spawning water120\<0.0001111\<0.0001Male spawning water without spermatozoa91\<0.000182\<0.001Spermatozoa with sea water280.16191.00Control014115***H***. ***arguinensis*** **vs**. ***H***. ***mammata*MaleFemaleYesNopYesNop***H*. *arguinensis* male spawning water60\<0.0151\<0.05Control0606

Interspecific spawning was observed between *H*. *arguinensis* and *H*. *mammata*. All males and 5/6 female *H*. *mammata* spawned when they received male spawning water from *H*. *arguinensis* in their aquarium while none of the males and females *H*. *mammata* spawned in the control (Fisher's exact tests, males, p \< 0.01; females, p \< 0.05, Table [1](#Tab1){ref-type="table"}).

Tests of male water fractions {#Sec15}
-----------------------------

All sea cucumbers spawned when they received FSW and 6/7 spawned with 2 h FSW (Fisher's exact tests, p \< 0.01 in both cases; Table [2](#Tab2){ref-type="table"}; Supplementary material 3). However, no sea cucumber released gametes with 4 h FSW (p = 1.00). When fractions E or F were added individually to the experimental tank, less than a quarter of sea cucumbers started to spawn (p \> 0.05 in both cases). After the addition of the complementary stimulus, only 4/7 and 1/10 spawned with E and F, respectively (p \> 0.05 in both cases). However, more than 50% of sea cucumbers spawned directly after E and F were added together (close to statistical significance, p = 0.06).Table 2Results of the stability and fraction tests experiment. Number of sea cucumbers (males and females pooled) responding to the different tested stimulus. Fisher's exact tests (two-tailed) were performed by comparing the percentage of individuals that responded to the different tested stimuli with the percentage of individuals responding in the control test. E: HLB cartridge extract, F: HLB cartridge filtrate, E + F: E + F together, FSW: fresh spawning water, 2 h FSW: spawning water aged 2 hours, 4 h FSW: spawning water aged 4 hours, T0 and T1: times at which the first stimulus and the complementary stimulus were added respectively to the experimental aquaria.TestSpawning frequencyYesNopE (T0)2111.00F (T0)270.58F (T1)191.00E (T1)430.10E + F540.06FSW70\<0.0012 h FSW61\<0.014 h FSW071.00Control19

The sea cucumbers that did not spawn with extracts, or aged spawning water, were induced to spawn by FSW or TS. If they failed to respond to any stimuli they were not considered in the analysis (14 out of 76). Also, 20 out of 222 (9%) sea cucumbers spawned spontaneously before any stimulus was added, and were not used in experiments.

Chemical characterization of spawning water {#Sec16}
-------------------------------------------

Full scan LC-MS profiles of water extracted before and after spawning of males and females were clearly different under both ionization polarities (Supplementary material 4). Since only male spawning water was active, only these LC-MS profiles were analysed further. Major differences between samples obtained before and after spawning could be seen between 8 and 11 min. Among those compounds detected by MS, the most intense was found at *m/z* 808.7 (positive polarity) in the water after spawning, and was absent before spawning (Fig. [5a](#Fig5){ref-type="fig"}). A much smaller peak of this compound was also seen in female spawning water (Fig. [5b](#Fig5){ref-type="fig"}). Under positive polarity, Auto MS gave a fragmentation spectrum showing a major signal at *m/z* 184.1 (Fig. [5c](#Fig5){ref-type="fig"}). This result was confirmed by direct injection of the sample into the mass spectrometer (ESI-MS). The *m/z* value and the daughter ion at *m/z* 184.1 under positive polarity are common in phospholipids possessing a phosphatidylcholine moiety^[@CR49]^. To evaluate the presence of a phosphatidylcholine moiety, the phosphatidylcholine phospholipid standard 1,2-stearoyl phosphatidylcholine was selected and studied by ESI-MS^n^. This compound is readily seen at *m/z* 790.5 under positive polarity as it contains a net positive charge. The fragmentation led to a major signal at *m/z* 184.1 (Fig. [5d](#Fig5){ref-type="fig"}), which is the same daughter ion observed for the fragmentation of *m/z* 808.7. This result suggests that the unknown compound might possess a phosphatidylcholine moiety.Figure 5(**a**,**b**) LC-MS single ion traces of methanol extracts at *m/z* 808.7 under positive polarity. (**a)** Male before (blue) and after (red) spawning; (**b**) female before (blue) and after (red) spawning. (**c**,**d**) Fragmentation spectra. (**c**) MS2(808.7); (**d**) MS2(790.5), the standard 1,2-stearoyl phosphatidylcholine. The inserted structures were assigned to ion with *m/z* 184.1. The arrows indicate the fragmented peaks.

Another signal detected by LC-MS that could be associated with male spawning was seen at *m/z* 287 under positive polarity (Fig. [6a](#Fig6){ref-type="fig"}). This signal was seen in male water prior to spawning but increased greatly after spawning. A much smaller peak was seen in female water which did not increase after spawning (Fig. [6b](#Fig6){ref-type="fig"}). The fragmentation spectra are shown in Fig. [6c--e](#Fig6){ref-type="fig"}.Figure 6(**a**,**b**) LC-MS single ion traces of methanol extracts at *m/z* 287 under positive polarity. (**a**) Male before (blue) and after (red) spawning; (**b**) female before (blue) and after (red) spawning. (**c**--**e**) Fragmentation spectra of *m/z* 287. (**c**) MS2(287); (**d**) MS3(287→245); (**e**) MS4(287→245→203). The arrows indicate the fragmented peaks.

The signal intensity of the two compounds increased with time with a maximal intensity after 30 min and 90 min after the beginning of the spawning process for the *m/z* 808.7 and *m/z* 287, respectively. Their signal intensity then decreased progressively, even though the sea cucumber continued to release sperm. This is consistent with the reduction of spawning activity seen in the bioassay (Supplementary material 5).

Discussion {#Sec17}
==========

The present study demonstrates that chemical cues produced by male sea cucumbers attract conspecifics and trigger spawning in both sexes, indicating an important role of the chemosensory system in the coordination of aggregation and spawning behaviours.

Pre-spawning males and females spent more time in the arm of the Y-maze with male-conditioned water. This indicates that males release (a) chemical(s) to the water that are attractive to both sexes. The coelomic fluid and gonad homogenates (ovary and testis) did not attract either sex and are therefore unlikely sources of aggregation odorants. This contrasts with the avoidance reaction of sea urchins, when confronted with conspecific coelomic fluid or gonad extract^[@CR50],[@CR51]^. However, in the present study, the gonad extracts and coelomic fluid were frozen before tested and active compounds in these homogenates could have degraded; it is pertinent to add that these experiments with gonad extracts and coelomic fluid were carried out before the spawning experiments wherein the labile nature of the spawning pheromone became apparent. Another possible source of odorants is the mucus of mature individuals which, in *Cucumaria frondosa*, has been shown to accelerate gonadal development of less mature individuals^[@CR52]^. However, we have no indication that more mucus is released during spawning than at any other times or that it is a source of pheromones in the species we tested.

That only the males produce/release the aggregation pheromone could be a strategy to draw sea cucumbers to the same place to spawn, while limiting sperm dispersion through male-male groups and maximizing fertilization success through male-female groups^[@CR6],[@CR15]^. Specific male aggregative behaviours have also been reported in brittle stars^[@CR53]^ and sex recognition by mechano-reception in male starfishes^[@CR54]^. Recently, sedentary starfish *A*. *planci* were seen to be attracted to water-borne chemical plumes released from aggregating individuals^[@CR55]^, which supports the presence of aggregation pheromones in echinoderms. As described briefly above, *H*. *arguinensis* performs a 'nuptial' sequence before spawning, which culminates in gamete release and a sperm mass that slowly disperses. Whether, in the wild, this happens in pairs or in a promiscuous mating mode is not known. Further investigations are needed to better understand the triggers and benefits of sea cucumber breeding aggregations and to determine if male attraction is also present outside the pre-spawning period.

Male spawning water, with or without spermatozoa, induced spawning in males and females, whereas female spawning water had no effect. This suggests that males release (a) chemical(s) during spawning which stimulate(s) both sexes to release gametes. To our knowledge, it is the first time this has been shown in sea cucumbers, and is consistent with what has been observed in sea urchins^[@CR31]^ and starfish^[@CR29]^, although in those studies spermatozoa were not removed from water.

Consistent with previous studies of marine broadcast spawners, males were quicker to release their gametes than females, a feature that has been suggested to be favoured by sexual selection when males are competing to fertilize the ova, so as to enable fertilization of more eggs over larger areas^[@CR25],[@CR56],[@CR57]^. In the present study, males also spawned longer than females; i.e. they continued to spawn at least until females stopped and beyond. This behaviour has been reported in other Holothuroidea^[@CR23],[@CR28]^ and in other marine broadcast spawners such as Ophiuroidea^[@CR58]^, Echinoidea^[@CR27]^, Polychaeta^[@CR11],[@CR59]^ and Appendicularia^[@CR60]^. Releasing sperm more slowly than eggs was shown to be a good strategy to avoid sperm attaching uselessly to fertilized eggs, since the permanent block preventing subsequent sperm attachment to the eggs takes longer to form than the first block preventing polyspermy^[@CR61],[@CR62]^.

Interestingly, as with *H*. *arguinensis*, and with similar efficacy, male and female *H*. *mammata* released their gametes in response to *H*. *arguinensis* male spawning water. This suggests that the two species use the same or similar chemical signals. Heterospecific spawning inducing activity has been documented in other Holothurians and in other invertebrates^[@CR10],[@CR23],[@CR63]--[@CR65]^ and has been suggested to result from the coevolution of pheromones in response to reduced predation risks through predator swamping, since isolated spawn clumps from one species are more likely to be caught when they are isolated than when they are grouped with those from another species^[@CR66]^. This observation raises the possibility of inter-specific hybridization between the two species, a phenomenon which has been documented among other sea cucumber species^[@CR67],[@CR68]^, although species-specific circadian patterns and spawning behaviours minimize this possibility^[@CR69]^.

Spawning was rarely induced when male spawning water was 4 hr old, indicating degradation or evaporation of spawning substance(s). Similarly, separate addition of the eluate or filtrate had no activity, which could be at least partly restored if the complementary fraction was added subsequently. This suggests that the spawning pheromone consists of more than one compound. However, solid-phase extraction of water took between one and three hours; and some loss of activity of the extracts could therefore be explained by degradation of the active compound(s) during this time.

In this study, two compounds were found in male spawning water under positive polarity, at *m/z* 808.1 and *m/z* 287, while they were absent or present at much lower concentrations in female water and before male spawning. Both showed a decrease within two hours, consistent with the loss of biological activity of male spawning water. They are thus good candidates to be involved in sea cucumber spawning. The fragmentation of compound with *m/z* 808.1 suggests the presence of a phosphatidylcholine moiety. Phosphatidylcholines are a major component of the plasma membrane and are known to be involved in sperm motility^[@CR70]^, the acrosomal reaction^[@CR71]^ and in the maintenance of sperm membrane integrity^[@CR72]^. Moreover, phosphatidylcholines have been characterized as key substances governing group recognition in catfish^[@CR73]^ and as phagostimulants in the nuptial secretion of a species of cockroach^[@CR74]^. However, to our knowledge, they have never been associated with spawning activity in any animal taxon.

Saponins are among the most important and abundant secondary metabolites of sea cucumbers, and have been reported to be involved in the chemical communication of marine organisms^[@CR75],[@CR76]^. Although we cannot exclude the involvement of saponins in the spawning process, none of the detected compounds show mass spectral properties consistent with the reported for sea cucumber saponins. While the compound with *m/z* 287 is too small to be a saponin and was not detected under negative polarity, the fragmentation of compound with *m/z* 808.1 does not release water upon fragmentation (Fig. [5c](#Fig5){ref-type="fig"}), a typical neutral loss of compounds possessing sugar moieties, including saponins^[@CR76]^.

Pheromones are highly diverse across different animal taxa, and are composed either of a mixture of different chemical compounds or a single compound^[@CR77]^. Some fish species use steroids and/or prostaglandins as sex pheromones^[@CR78]^ while others use amino acids^[@CR79]^ or bile acids^[@CR80]^. In marine invertebrates, for example, peptide pheromones have been identified in the sea-slug *Aplysia* and nereid worms^[@CR81]--[@CR83]^ and nucleotide pheromones in crustaceans^[@CR84]^.

The chemical identification of pheromones is challenging due to the relatively small amount of pheromone released, to the large variety of substances usually present in natural waters, and to their possible lability^[@CR85]^. Here, the compounds correlated with spawning need to be isolated, purified and submitted to further analysis, namely nuclear magnetic resonance (NMR) and high-resolution mass spectrometry to assign a final structure. The identified compounds would need then to be tested on the animal to confirm their biological activity. It would be also of great interest to know the source of the pheromones and their regulation.

Reproductive success in sea cucumbers results is likely dependent upon a combination of chemical cues and one or more exogenous factors^[@CR31],[@CR86]^. This study provides evidence that sea cucumbers use pheromones for aggregation and spawning, and their partial characterization could have important ecological and practical applications in the management of sea cucumbers in aquaculture, and as an attractant in the control of invasive species, *viz a viz* their use in the control of pest insects^[@CR87]^ and invasive sea lamprey^[@CR88]^.
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